The pleiotropic effect of the sickle gene suggests that factors in addition to polymerization of the mutant gene product might be involved in sickle disease pathobiology. We have examined rates of heme transfer to hemopexin from hemoglobin in dilute aqueous solution (0.5 mg of Hb per ml) at 370C. HbO2 S loses heme 1.7 times faster than HbO2 A, with apparent rate constants of 0.024 hr'I and 0.014 hrl', respectively. In contrast, Hb A and Hb S behave identically in their MetHb forms (very rapid heme loss) and their HbCO forms (zero heme loss). This indicates that the faster heme loss from HbO2 S is due to accelerated autoxidation (HbO2 -* MetHb) rather than to some other type of instability inherent in the relationship of sickle heme to its pocket in globin. This interpretation is supported by spectrophotometric measurement of initial rates of MetHb formation during incubation at 37°C. This directly shows 1.7 times faster autoxidation, with apparent rate constants of 0.050 hr'I for HbO2 S and 0.029 hr-1 for HbO2 A. While the participation of this process in the cellular pathobiology of sickle erythrocytes remains unproven, the present data are consistent with, and perhaps help explain, two prior observations: the excessive spontaneous generation of superoxide by sickle erythrocytes; and the abnormal deposition of heme and heme proteins on membranes of sickle erythrocytes.
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The pathophysiology of sickle cell anemia is explained ultimately by the presence of sickle hemoglobin (Hb S), a mutant gene product well known for its tendency to polymerize at low oxygen tension. However, the sickle gene has remarkably pleiotropic effects, most evident in the multitude of membrane defects characteristic of sickle erythrocytes (1, 2). Some of these membrane lesions are implicated in disease pathophysiology, but the mechanisms linking presence of the mutant gene product with development of membrane defects remain obscure. As a potential explanation, we have hypothesized that sickle cell disease is partly a disorder of autoxidation and iron decompartmentalization (2) . This concept emphasizes the importance of two components in cellular pathobiology of sickle erythrocytes: their excessive spontaneous generation of superoxide (3) and their abnormal amounts of membrane-associated heme iron (much of which is believed to be in the form of hemichromes, low-spin ferric denatured hemoglobins) (4, 5, 32) .
Theoretically, both of these findings could reflect an instability of Hb S. In fact, Hb S does tend to precipitate and form hemichromes during vigorous mechanical agitation (6) , but the physiologic analogue ofthis mechanical instability has not been identified. Furthermore, it has not yet been demonstrated that the excessive superoxide generation by sickle erythrocytes (3) actually reflects an abnormal molecular behavior of Hb S, rather than a simple difference in levels or efficacy of cellular antioxidants. Thus, neither the excess membrane-associated heme iron nor the excess superoxide generation have been adequately explained by existing data.
Consequently, we have begun to examine molecular behaviors of Hb S other than its well-known polymerization tendency. In the present report, we compare rates of heme transfer from HbO2 S and A to the heme-binding glycoprotein hemopexin (Hpx). The results demonstrate an inherent instability of Hb S and explain this on the basis of accelerated autoxidation ofthe heme moiety in Hb S. While a specific role for this abnormality in cellular pathophysiology remains to be proven, some prior observations potentially can be explained by these data.
METHODS
Materials. Chromatography matrices were obtained from Pharmacia, and all other reagents were obtained from Sigma.
Hpx and Haptoglobin (Hap). As described (7, 8) , human phenotype 1-1 Hap was isolated from plasma by affinity chromatography using turkey cyanMetHb immobilized on Sepharose CL-4B. Rabbit Hpx was isolated from serum using HC104 precipitation, ion-exchange chromatography over DEAE-Sepharose CL-6B, and affinity chromatography on wheat germ lectin-Sepharose 6MB, as described (9) (10) (11) . Both reagents were >95% pure by polyacrylamide gel electrophoresis.
Hb Preparations. Fresh whole blood was drawn from volunteer nonsmoking donors. One individual with sicklecell trait (Hb AS) provided both Hb A and Hb S. Additional Hb A samples were obtained from two normal (Hb AA) donors, and additional Hb S samples were obtained from three donors with sickle-cell anemia (Hb SS).
Hb was isolated from erythrocyte lysate by ion-exchange chromatography on DEAE-Sepharose CL-6B. Eluates were assessed for purity by using isoelectric focusing, dialyzed against the assay buffer (see below), concentrated by Amicon filtration, and passed through a Sephadex G100 column. Other preparative steps recommended by Caughey and Watkins (12) were not used because it was deemed essential to minimize both elapsed time and exposure of Hb to chromatographic procedures. However, in one case, samples of Hb A and Hb S were prepared in parallel and actually dialyzed against each other in the above steps. All preparative steps were performed at 4°C, and buffers used for Hb preparation were made with distilled deionized water treated with deferoxamine immobilized on Sepharose CL-4B to remove traces of iron. When necessary, Hb preparations were added dropwise to liquid nitrogen for short-term storage at -700C. 
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The publication costs of this article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. §1734 solely to indicate this fact. (14) . For MetHb, the zero-time aliquot was obtained immediately; for HbO2 and HbCO the zero-time aliquot was obtained after 30 min (so the small contribution from any preexisting MetHb would be included in the zero-time sample). After 15 min, the Hap/Hb/Hpx mixture was applied to a Sephacryl S-300 column (1.5 x 107 cm) run at 10 ml/hr to physically separate newly created Hpx/heme from residual globin/heme (now running as Hb/Hap complex). One milliliter fractions were screened for heme content (Soret absorption), an example of which is depicted in Fig. 1 found in fractions to the right of the Hap/Hb peak. Thus, there is no contamination of the Hpx peak with Hb. In a separate study, the experiment shown in Fig. 1 was repeated so that we could compare the effect of admixing Hpx with Hb at the start of the incubation (our standard protocol as described above) with the effect of admixing the Hpx only after the end of the Hb incubation. As expected (see Discussion), no heme was taken up by the Hpx added at the end of the incubation, indicating that negligible heme loss from globin is detectable in the absence of an alternative hemebinding substance.
MetHb Assay. Samples of HbO2 A and S were also incubated (without Hpx) at 1 mg/ml in 0.1 M sodium phosphate buffer (pH 7.2) at 37°C (±0.1°C) in a Beckman DU8 Spectrophotometer. Every 10 min we measured absorbance at 560, 577, 630, and 700 nm, and the amount of MetHb was calculated as described (13) .
RESULTS
After admixture of Hb and Hpx, heme transfers to the Hpx if it first dissociates from globin (16) . Our comparison of HbO2 A and HbO2 S is shown in Fig. 2 , which plots the fraction of heme remaining associated with globin as a function of time. Thus, heme loss is evident in the downward slope of the data points, and the apparent rate constants derived from these data are presented in (14) .
Similarly, Hb S and Hb A are identical when compared in their MetHb forms, although here the heme loss is extremely rapid (Fig. 2) . As expected (14) , heme loss from MetHb is nonlinear, so we have used the first time point to estimate an apparent rate constant for comparative purposes (Table 1) Proc. Natl. Acad. ScL USA 85 (1988) Our results are consistent with a previous report documenting a T1l2 of 100 min for heme loss from MetHb A (14) .
Since these data are interpreted to indicate an accelerated rate of autoxidation for HbO2 S (as discussed below), we directly examined autoxidation during aerobic incubation. As shown in Fig. 3 , HbO2 S converts to MetHb at a faster rate than HbO2 A, and apparent rate constants (Table 1) again show a 1.7-fold difference between HbO2 S and HbO2 A.
The data shown in Fig. 3 and some of that shown in Fig. 2 (square symbols) were obtained from the Hb AS donor. Thus, Hb A and Hb S used for comparison in some of these experiments had been subjected to the same intracellular environment prior to purification. Our experiments necessarily were done using very low Hb concentrations. However, we were able to perform a single heme loss experiment using 10-fold higher HbO2 S concentration (5.0 mg/ml), and this yielded nearly identical results for heme loss to Hpx, with an apparent rate constant of 0.023 hr-1.
DISCUSSION
As reflected in rates of transfer of heme from globin to Hpx ( Fig. 2 [3] [4] [5] GH3+ + 02 [6] Data on HbO2 in Fig. 2 conditions of our experiment, it is clear that Eq. 1 will be limited by dissociation ofheme from globin in MetHb (Eq. 5).
However, Fig. 2 illustrates that heme loss from HbO2 is very slow compared to heme loss from MetHb. Therefore, our HbO2 results must reflect Eq. 6 (heme autoxidation) as the rate-limiting process. Consequently, we also measured MetHb formation spectrophotometrically during aerobic incubation at 3TC. The results (Fig. 3) directly demonstrate the accelerated autoxidation of HbO2 S. Consistent with the above interpretations, the magnitude of difference between Hb S and Hb A (1.7-fold) is the same for measurement of MetHb formation as for heme loss per se (Table 1) . That absolute apparent rate constants are lower for the heme transfer experiment presumably reflects the similar affinities of globin and Hpx for heme. Indeed, the equilibrium constant for Eq. 1 is reported to be 1 for loss of the first heme from a MetHb tetramer (16) .
In reality, however, even Eq. 6 is oversimplified. Autoxidation of Hb is itself complicated, potentially involving not only interaction between heme and water (or OH-), but also interaction between heme and other oxidants (e.g., peroxide and hydroxyl radical) derived from superoxide (19, 20) . Moreover, Eq. 6 is written here without recognition of the fact that Hb is tetrameric, and all hemes in this tetramer are not equivalent. For example, a chains autoxidize perhaps 10 times more rapidly than (3 chains (21, 22) , but ferric (3 chains lose heme =8 times more rapidly than ferric a chains lose heme (14) . Furthermore, heme loss from the second ferric P chain is expected to be faster than heme loss from the first ferric (3 chain (16) . Also, heme loss data would be expected to reflect increasing instability of globin as heme loss continues.
Indeed, it was for these reasons that we confined our measurements to the very initial period of MetHb formation (Fig. 3) , which emphasizes the fast, truly autoxidative component of MetHb formation (19, 20) . Similarly, our examination of heme transfer rates (Fig. 2) was limited to the first 25% of heme loss, representing an average loss of the first of the four hemes in Hb. By confining our studies to loss of the first heme, we have collected data that emphasize the behavior of( chains (16) . It may or may not be the case that the a chains in Hb A and Hb S are behaving identically in our experiments. Thus, linearity of our HbO2 data (Fig. 2) (Hpx) . Conversely, however, these data suggest the possibility that one consequence of accelerated autoxidation of Hb S would be the transfer of heme from globin to other potential binders. Thus, these data could help explain the abnormal amounts of free heme found in sickle erythrocyte cytosol (31) and membranes (5, 32) . However, many of the considerations noted in the preceding paragraph are also pertinent to this possibility, so our understanding of this process is incomplete as well. Nevertheless, the present data indicate that accelerated heme loss is a potential consequence of the sickle mutation. (1988) 
